Introduction {#sec1-1}
============

Considering the existence of vital organs in the head and neck region, the proper treatment of the tumors located in this area in a way that critical organs would not be damaged is crucial. A tumor might take shape in the proximity of air cavities such as ethmoid, maxillary, frontal and sphenoid sinuses \[[@ref1]\]. The existence of these air cavities creates changes in the radiotherapy dose distribution, and consequently, in the treatment calculations in the area. In regard to the ever-growing number of cancer patients and the importance of the treatment in the head and neck region, the effect of the air cavities in dose distribution was contributed to the optimum treatment planning and better care of Organs at Risks (OAR) close to the tumor. Over the past years, the assessment of the effect of air inhomogeneities on absorbed dose has been the subject of research in many empirical studies using the Monte Carlo simulation. In fact, the Monte Carlo simulation is one of the most accurate calculation methods for radiotherapy dose \[[@ref2],[@ref3]\]. In the studies carried out in this field, the occurrence of disorders due to the air inhomogeneities close to the intersection of air-tissue, and consequently, overdose and underdose in the surrounding areas have been reported \[[@ref4]-[@ref10]\]. For instance, when treating a tumor close to an air cavity in the head and neck region, underdose could occur in the intersection of air-tissue \[[@ref11],[@ref12]\]. In this case, the possibility of the cancer recurrence close to the intersection of air-tissue increases \[[@ref1]\]. In a study, Behrens et al. analyzed the effect of dose build up/down in the presence of air cavities. The results indicated that the effect of dose build up/down depends on the size of the field and the energy of the radiated beams and it also is generally more frequently seen for fields with smaller sizes and higher energies \[[@ref13]\]. Apparently, the amount of change in dose in the intersection of air-tissue depends on the geometry and the size of the cavity; in other words, this depends on the electronic inequivalence \[[@ref11],[@ref14]-[@ref17]\].

However, changes in the radiation dose have not yet been properly known owing to the existence of air cavities in the treatment volume, especially in the intersection of air-tissue (when the tumor is in its proximity) \[[@ref15]\]. The purpose of this study is to use the Monte Carlo simulation for calculating and analyzing radiotherapy dose distribution in the presence of air cavities of ethmoid, maxillary, frontal and sphenoid sinuses.

Material and Methods {#sec1-2}
====================

In this study, the head of the Varian 2100C/D accelerator was simulated using the factory information in the energy of 6MV via the MCNPX (Monte Carlo N-Particle eXtended) code. The simulated parts of the head in the accelerator were: source, target (two layers made of tungsten and copper), primary collimator (made of tungsten), vacuum window (two layers comprised of vacuum and beryllium), flattening filter (pyramid-shaped with 20 layers made of copper), ionization chamber (seven layers made from Kapton), mirror (having a 35 degree angle with the horizon and made from Mylar) and two pairs of collimators of y and x made from tungsten. [Figure 1](#JBPE-9-121-g001.tif){ref-type="fig"} depicts the main parts of the head of the linear accelerator which is simulated using the MCNPX code.

![PDD curves calculated by Monte Carlo simulation and measured by the Ionizing chamber, field size 10×10 cm^2^.](JBPE-9-121-g001){#JBPE-9-121-g001.tif}

Gaussian distribution function was used to define the electron source. The cut-off energies for electron and photon were assumed to be 0.511 and 0.01 *Mev*, respectively. The input file was executed for 24 hours by a supercomputer at Isfahan University, which had a processor with 4×64 *GB* nodes. In order to validate the simulation, the curves of depth dose percentage were calculated using the Monte Carlo method in *SSD* = 100 cm and for the reference field of 10×10 cm^2^ and dose profile in the same *SSD* and field, at depth of 5 cm in a 50×50×50 cm^3^ water phantom and the results were compared with the data obtained from dosimetry. To calculate the PDD in simulation, a cylinder with 0.5 cm radius and 30 cm height, along the z axis and on the central axis of the beam inside the phantom was simulated in a program. Moreover, to calculate dose profile, a similar cylinder perpendicular to the central axis of the beam along the x axis and at depth of 5 cm from the surface of the phantom was simulated in another program.

Experimental dosimetry was conducted in a 3D water phantom, with the brand of "Blue Water Phantom" and dimensions of 50×50×50 cm^3^, manufactured by Scanditronix- Wellhöferm, using cylindrical ionizing chambers (*CC*13, 0.13 cm^3^).

In the next phase, four cube-shaped air cavities of sinuses with dimensions close to reality in certain depths of water phantom were programed as follows: 3×3.2×2 cm^3^ maxillary sinus at depth of 3.2 cm, 2×2×3.2 cm^3^ frontal sinus at the depth of 1.6 cm, 1×1×1.2 cm^3^ ethmoid sinus at depth of 2 cm, and 1×1×2 cm^3^ sphenoid sinus at depth of 6 cm form phantom surface. When the cavities existed, PDD and Profile curves were drawn. In order to calculate the difference of dose distribution, these curves were compared in the presence and absence of air cavities.

Results {#sec1-3}
=======

Validation of the carried out simulation {#sec3-1}
----------------------------------------

agreement with experimental dosimetry (PDD less than 2% and Profile less than 4%) [Figure 1](#JBPE-9-121-g001.tif){ref-type="fig"} and [Figure 2](#JBPE-9-121-g002.tif){ref-type="fig"}respectively.

![Profile curves calculated by Monte Carlo simulation and measured by the Ionizing chamber, field size 10×10 cm^2^.](JBPE-9-121-g002){#JBPE-9-121-g002.tif}

Investigating the impact of sinuses on dose distribution {#sec3-2}
--------------------------------------------------------

### Maxillary sinus {#sec3-2-1}

[Figure 3](#JBPE-9-121-g003.tif){ref-type="fig"} shows changes in PDD in the presence and absence of the maxillary sinus. When there is a cavity, the depth of maximum dose (*d~m~*) has shifted from 1.4 cm to 1.6 cm. The air cavity leads to fluctuations in the dose distribution curve such that we observe a reduction of 1.45% in dose in the area before the maxillary sinus, a 17.17% dose reduction inside the air area, and a 3.95% increase in dose after the sinus.

![Comparing PDD curves in the presence and absence of maxillary sinus.](JBPE-9-121-g003){#JBPE-9-121-g003.tif}

[Figure 4](#JBPE-9-121-g004.tif){ref-type="fig"} indicates the values of dose profile in the phantom in the presence and absence of maxillary sinus (x-axis, d = 5 cm). When the sinus is in the transverse area of -1.25 cm to 1.25 cm, dose reduction takes place, since the maxillary sinus is located at the depth of 3.2 cm to 5.2 cm in this area. The dose reduction is 19.24%.

![Comparing profile curves in the presence and absence of maxillary sinus.](JBPE-9-121-g004){#JBPE-9-121-g004.tif}

The margins of error for PDD and profile calculations were ±1.85% cm and ±3. 5% cm, respectively.

### Frontal sinus {#sec3-2-2}

[Figure 5](#JBPE-9-121-g005.tif){ref-type="fig"} shows the comparison between values in the presence and absence of frontal sinus. In this case, the maximum spot of the dose (*d~m~*) shifts from 1.4 cm to 1.6 cm. We see a 2.01% dose reduction before frontal sinus, a 15.9% dose reduction in the air area, a 5.9% increase in dose after sinus, and discontinuity at the edge of the air cavity.

![Comparing PDD curves in the presence and absence of frontal sinus.](JBPE-9-121-g005){#JBPE-9-121-g005.tif}

[Figure 6](#JBPE-9-121-g006.tif){ref-type="fig"} indicates dose profile values (d = 5 cm) in the presence and absence of frontal sinus. In the transversal movement from -1.25 cm to 1.25 cm, a small increase in dose (approximately 1.24%) occurs since the frontal sinus is located at depth of 1.6 cm to 4.8 cm, that it means it is located before dose profile cylinder. We also see that dose increase after the air cavity.

![Comparing profile curves in the presence and absence of frontal sinus.](JBPE-9-121-g006){#JBPE-9-121-g006.tif}

The margins of error for PDD and profile calculations were ±2.27% and ±2.4%, respectively.

### Ethmoid sinus {#sec3-2-3}

[Figure 7](#JBPE-9-121-g007.tif){ref-type="fig"} is a comparison between PDD curves in the presence and absence of ethmoid sinus. The maximum spot of the dose (1.4 cm) has remained unchanged. We observed a 0.64% dose reduction before the ethmoid sinus, a 12.06% dose reduction in the air area, and a 2.3% dose increase after air cavity.

![Comparing PDD curves in the presence and absence of ethmoid sinus.](JBPE-9-121-g007){#JBPE-9-121-g007.tif}

[Figure 8](#JBPE-9-121-g008.tif){ref-type="fig"} shows a comparison between dose profile values (*d* = 5 cm) in the presence and absence of ethmoid sinus. As is seen, the presence of ethmoid does not impose significant changes on the transversal dose. Only in the -0.75 cm to 0.75 cm area, we can see a small amount of increase, since dimensions of the cavity are small and dose profile value after the sinus cavity has been calculated. Ethmoid is located at depth of 2 cm to 3.2 cm from the phantom surface.

![Comparing profile curves in the presence and absence of ethmoid sinus.](JBPE-9-121-g008){#JBPE-9-121-g008.tif}

The margins of error for PDD and profile calculations have been ±1.75% and ±1.6%, respectively.

Sphenoid sinus [Figure 9](#JBPE-9-121-g009.tif){ref-type="fig"} shows PDD values in the presence and absence of sphenoid sinus. When this air cavity is present, the maximum spot of the dose shifts from 1.4 cm to 1.5 cm. We also see a 2.76% dose reduction before sphenoid sinus, a 13.01% dose reduction in air area, and a 2.25% increase in dose after air cavity.

![Comparing PDD curves in the presence and absence of sphenoid sinus.](JBPE-9-121-g009){#JBPE-9-121-g009.tif}

[Figure 10](#JBPE-9-121-g010.tif){ref-type="fig"} demonstrates a comparison between dose profile values (*d* = 5 cm) in the presence and absence of sphenoid sinus. As is seen in the Figure, since this sinus is located at depth of 6 to 8 cm, significant changes cannot be seen in the profile.

![Comparing profile curves in the presence and absence of sphenoid sinus.](JBPE-9-121-g010){#JBPE-9-121-g010.tif}

The margins of error for PDD calculations and profile were ±1.83% and ±1.5%, respectively.

Discussion and conclusion {#sec1-4}
=========================

The present study examined the impact of air cavities of sinuses on radiotherapy dose distribution. The results indicate that the presence of air cavities leads to the generation of overdose and underdose regions in the intersection of air-tissue and it also is a contributing factor in inhomogeneity and fluctuation in dose distribution. The larger the cavity size is the more discontinuity and also fluctuations in the distribution of dose can be seen. Changes in dose distribution and dose fluctuation in the air cavity edges are quite evident.

Hideharu Miura et al. examined dose distribution in the presence of air cavities suggesting that dose reduction occurs right before the air cavity \[[@ref2]\], which is in line with the present study. Results of this study indicate an increase in the maximum spot of the dose in the presence of cavity, which is in line with the results reported by Behrens. They investigated the dose build up in the presence of air cavities concluding that the dose build up increases in the presence of a very large air area with dimensions of 3×16×3 cm^3^ \[[@ref13]\].

The results showed dose reduction before the air cavity and in the air area, which is dependent on geometry, size, and depth of the cavity. This decrease is due to the lack of scattered and returning beams. If the cavity dimensions get larger, the dose reduction before the air cavity and in the air area will be higher.

Also, the results indicated the dose increase after sinus cavities, which is dependent on geometry, size, and depth of the cavity. Since air cavities have a lower density than tissue, beam attenuation is lower in them; more beams pass through them and they also deposit the dose in a farther area. Therefore, the increase in absorbed dose takes place after the cavity. If the cavity gets larger, the absorbed dose increase will be higher. In other words, electronic balance is eliminated with the presence of these cavities near the intersection of air-tissue. Thus, the existence of sinus cavities, especially maxillary sinus, in the treatment field can disrupt therapeutic dose distribution, in a way that the impact of the cavity on therapeutic MU should be considered. When using the single-beam technique, adverse effects of air cavities on dose are more frequently observed. Using multiple-field techniques in designing a treatment planning, so that presence of the cavity with large dimensions in the treatment filed is avoided as much as possible, can lead to reductions in dose fluctuation.
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